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ARTICLE INFO ABSTRACT

Keywords: As part of a sustainable water resources management, the Lisbon municipality identified groundwater and
Bacteroides treated wastewater use increase as two opportunities for better and sustainable water use, with natural safeguard
HF183 for public health as a priority. In this context, the aim of our research was to assess the suitability of the human-
g?:ﬁﬁwater associated marker gene Bacteroides HF183 and the cattle feces-associated CowM2, in routine water quality

monitoring as indicators for water use and reuse, providing a tool to more accurately assess public health risks.
To this intent, Real-Time quantitative PCR was used for detection of human-associated marker gene Bacteroides
HF183 and the bovine-associated CowM2, in a total of 67 samples - groundwater and wastewater at three
different treatment stages of a Waste Water Treatment Plant, in Lisbon. HF183 marker gene was detected in
treated and untreated wastewater samples, with significant concentration reductions from untreated (6,07 E+07
copies/mL) to secondary treated effluent (1,86 E+05 copies/mL) and a further decrease in tertiary treatment
(5,74 E+04 copies/mL). In groundwater samples, this marker was also detected in concentrations ranging from
2,63 E+02 copies/mL to 2,24 E+03 copies/mL. CowM2 marker gene on the other hand was only detected in
wastewater samples, with concentrations ranging from 2,47 E4+02 copies/mL to 1,17 E4+04 copies/mL. Our
research indicates that the use of Bacteroides spp. in association with traditional fecal indicator bacteria (FIB) is
advantageous for water managing entities in urban settings, such as Lisbon, were drainage system failures may
occur. An integrated approach thus provides crucial and more adequate information towards mitigation and
correction measures when fecal contamination is detected in environmental waters.

Water reuse
Water quality

1. Introduction
1.1. Groundwater

Groundwater is a water source of particular importance as it provides
for approximately half of the world’s drinking water necessities (Zektser
and Everett, 2004), in addition to representing an estimated 38% of the
entire consumptive irrigation water use (Siebert et al., 2010). The vital
importance of groundwater is rising due to ongoing unavailability of
surface water resources as consequence of its contamination due to

climate changes induced effects like flooding and droughts, population
growth and anthropogenic activities (Rodell et al., 2018; Vorosmarty
et al., 2010). However, groundwater is not hazards free, since this
resource can also be affected by factors including pollution which in-
filtrates in the soils, excessive pumping of the groundwater or its sali-
nization, reasons why more demanding management and monitoring
are being required on a local and global scale (de Graaf et al., 2019).
Lisbon municipality has several groundwater resources identified and
available, but while some are used and monitored, others with signifi-
cant potential remain underexploited, as they are still not adequately

* Corresponding author. Camara Municipal de Lisboa, Direccao Municipal do Ambiente, Estrutura Verde, Clima e Energia, Laboratério de Bromatologia e Aguas,

Avenida Cidade do Porto S/N, 1700-111, Lisboa, Portugal.
E-mail address: pedro.teixeira@cm-lisboa.pt (P. Teixeira).

https://doi.org/10.1016/j.jenvman.2020.110989

Received 21 February 2020; Received in revised form 28 May 2020; Accepted 16 June 2020

Available online 24 June 2020
0301-4797/© 2020 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license


mailto:pedro.teixeira@cm-lisboa.pt
www.sciencedirect.com/science/journal/03014797
https://http://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2020.110989
https://doi.org/10.1016/j.jenvman.2020.110989
https://doi.org/10.1016/j.jenvman.2020.110989
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2020.110989&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

P. Teixeira et al.

Water Reuse

7~ N
( \
- Agriculture irrigation
- Industrial uses
-Municipality activities
«Street cleaning

«Landscape irrigation

Groundwater

Journal of Environmental Management 271 (2020) 110989

Wastewater
Treatment Plant
(WWTP)

(ﬁ) — EfEnt

{Z Rivers
Basins recharge ﬂ ﬂ

Water Treatment Plant
Advanced Water (WTP)

Purification System c%%

[ [

|

Potable
water reuse

Fig. 1. Current possible uses for treated wastewater.

characterized from a microbiological and chemical standpoint.
1.2. Recycled water

Positioned in an advanced stage of the water cycle is treated
wastewater. It is currently used worldwide as an alternative for
numerous purposes such as agricultural and landscape irrigation, in-
dustrial processes, aquifer recharge, street cleaning or even possible
potable use (Fig. 1). The demand for recycled water will continue to
increase and play a crucial role in hydric resources management and
future urban planning (Angelakis et al., 2018). To this intent, Waste
Water Treatment Plants (WWTPs) are designed to reduce pathogen loads
in order to avoid public health risks, usually monitored via fecal indi-
cator bacteria (FIB) as surrogates for pathogens. Several studies however
have been reporting incomplete pathogen removal (Blatchley et al.,
2007; El-Senousy et al., 2007; Lazarova et al., 2001; Sano et al., 2016).

1.3. Fecal indicator bacteria (FIB)

Routine water quality assessment has been focused fundamentally on
detecting FIB, usually Escherichia coli (E. coli) and Enterococcus spp.
(EPA, 2012; José Figueras and Borrego, 2010; Leclerc et al., 2001;
Saxena et al., 2015; Tallon et al., 2005; WHO, 2003), even though its
presence is not always well correlated with pathogen existence (Arnold
et al., 2013; Bonadonna et al., 2002; Bradshaw et al., 2016; Harwood
et al., 2005; Horman et al., 2004; Lemarchand and Lebaron, 2003; Lund,
1996; McQuaig et al., 2012; Zhang et al., 2016). Another FIB limitation
is a result of factors like the ability for FIB not only to survive, but to
possibly grow in several environments, including sands, soils, aquatic
vegetation or sediments (Anderson et al., 2005; Badgley et al., 2011;
Bradshaw et al., 2016; Ishii et al., 2006; Solo-Gabriele et al., 2000;
Zhang et al., 2015), potentially over estimating FIB presence.

In addition, with FIB being excreted in the feces of all warm-blooded
animals (Field and Samadpour, 2007; Harwood et al., 1999; Leclerc
et al., 2001), current prevailing water quality indicators also fail to
provide information regarding the source of contamination, which im-
pairs mitigation and remediation actions, as well as accurate risk
assessment (Fujioka et al., 2015; Soller et al., 2010). To overcome this
gap, microbial source tracking (MST) tools targeting host-associated
molecular marker genes have been developed, aiming to distinguish
the different sources of fecal contamination, from human to several
animals, including dog, chicken, cattle, pig, seagull, possum, duck, horse
(Ahmed et al., 2016a; Harwood et al., 2014), and also virus, bacteria or
protozoa (Bernhard and Field, 2000; Scott et al., 2005; Ufnar et al.,

2006).
1.4. Bacteroides spp.

Within bacterial targets, Bacteroides markers are an attractive option,
due to several characteristics such as a short survival rates outside the
host, inability to multiply in the environment, are exclusive to warm-
blooded animals and constituents of a larger portion of fecal bacteria
when compared to FIB (Bernhard and Field, 2000; Kreader, 1995; Sghir
et al., 2000). Human associated Bacteroides marker HF183 has been
studied extensively and exhibits several important characteristics as a
MST marker, as it presents an overall high host sensitivity and host
specificity (Ahmed et al., 2016a, 2012), besides concentrations in
human feces with little or no temporal and geographical variations
(Ahmed et al., 2016a, 2016b). Since human fecal contamination poses
greater risks to human health, numerous MST studies focus only in this
source, due to its considered greater importance by regulators and
management authorities (Scott et al., 2002; Soller et al., 2010; Wade
et al., 2003). Nonetheless, several other host-associated molecular
marker genes have been developed to identify animal sources of fecal
contamination, including the cattle feces-associated CowM2 (Shanks
et al., 2008).

1.5. Lisbon Municipality

In Lisbon, a city with over half a million inhabitants (INE, 2018),
municipal services accounted for about 32% of the cities’ non domestic
potable water consumption in 2014, mostly attributable to landscape
irrigation and street cleaning (Lisboa E-Nova, 2014). In a continuous
effort, this value was significantly lowered to 18% in 2018 (Lisboa
E-Nova, 2018). The main drinking water supply of Lisbon originates
about 140 km from the city and it also comprises several treatment
processes and continuous monitoring equipment, aimed at ensuring the
highest quality of water supplied (Lisboa E-Nova, 2014). Therefore, a
sustainable water resources management requires looking for alterna-
tives water supplies, particularly aiming non-potable uses. The city of
Lisbon, which recently attained the 2020 European Green Capital
award, is committed in turning environmental challenges into oppor-
tunities, by means of ensuring the best environmental management -
from urban planning to maintaining a sustainable hydric resources
management. To this concern, two opportunities for better and sus-
tainable water use have been identified: increase the amount of
groundwater and treated wastewater use for municipal services, not
disregarding safeguard for public health as a priority.
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Table 1
Primers and probes for the HF183/BacR207 and CowM2 Real-Time qPCR assays.
Marker Primers (F,R) and probes (P) Reference
genes
HF183 F: ATC ATG AGT TCA CAT GTC CG Green et al.
R: CTT CCT CTC AGA ACC CCT ATC C (2014)
P: FAM-CTA ATG GAA CGC ATC CC-MGBEQ
CowM2 F: CGG CCA AAT ACT CCT GAT CGT Shanks et al.
R: GCT TGT TGC GTT CCT TGA GAT AAT (2008)

P: FAM - AGG CAC CTA TGT CCT TTA CCT CAT
CAA CTA CAG ACA -MGBEQ

In this context, the aim of our research was to assess the suitability of
the human-associated marker gene Bacteroides HF183 (Green et al.,
2014) and the cattle feces-associated CowM2 (Shanks et al., 2008) as
indicators for water use and reuse in routine water quality monitoring,
thus providing a MST tool to more accurately assess public health risks.
Importantly, we also aimed to assess the usefulness of detecting Bac-
teroides spp. combined with FIB and enteric viruses, relating to our
previously published work (Teixeira et al., 2020).

2. Materials and methods
2.1. Sampling

Field work was carried out from February-2018 to December-2018
with a total of 67 samples collected. Sampling included groundwater
(GW1, GW2) samples (n = 19) collected at two different sites in Lisbon
and wastewater collected at a WWTP in the Lisbon district at three
different stages — untreated influent (WW1) (n = 15), effluent with
secondary treatment (WW2) (n = 15) and effluent with tertiary, sand
filtration and UV treatment (WW3) (n = 15). Blank assays (BR) were also
performed with distilled, sterilized water samples (n = 3). All samples
were collected in sterile polyethylene containers and stored at 4 °C for
less than 2 h until chemical and microbiological determinations were
initiated. Time lapse between sample collection and laboratorial pro-
cessing did not exceed 24 h.

2.2. HF183 and CowM2 Real-Time qPCR assays

Briefly, aliquots of 25 mL (untreated wastewater samples) and 100
mL (blank assay, secondary and tertiary treated wastewater and
groundwater samples) were filtered through 0.22 pm pore size nitro-
cellulose membranes (Merck Millipore, USA). Selected volumes for
filtration were based on previous studies targeting HF183 (Green et al.,
2014) and CowM2 (Shanks et al., 2006). DNA was extracted using
Aquadien™ DNA Extraction and Purification Kit according to manu-
facturer’s instructions and stored at —20 °C until analysis. The concen-
tration of DNA in each sample was measured in a Nano-Drop 2000
instrument (Thermo Scientific, MA, USA) and then adjusted to 10 ng/pL.
For the HF183/Bac287 Real-Time qPCR assay, 10 pL reaction mixtures
containing 1x SsoAdvanced Universal Probe Supermix (Biorad, France),
0.2 mg/mL bovine serum, 0.5 pM of each primer, 80 nM (FAM)-labeled
probe (Table 1) and 2 pL of DNA template or molecular-grade water
(no-template control - NTC) were prepared. The thermal cycling con-
ditions were 10 min at 95 °C followed by 40 cycles of 15 s at 95 °C and
60 s at 60 °C (Green et al., 2014). For the CowM2 qPCR assay, 10 pL
reaction mixtures containing 1x SsoAdvanced Univ Probes Supermix
(Biorad, France), 0.2 mg/mL bovine serum, 1 pM of each primer, 80 nM
(FAM)-labeled probe and 2 pL of DNA template or molecular-grade
water (NTC) were prepared. The thermal cycling conditions were 10
min at 95 °C followed by 40 cycles of 15 s at 95 °C and 60 s at 60 °C
(Shanks et al., 2008). For both qPCR assays, synthetic DNA fragments
containing 133 bp (for HF183) and 93 bp (for CowM2) were purchased
from Eurofins Genomics (Ebersberg, Germany) and Real-Time qPCR
standards from the synthetic DNA were prepared, ranging from 1,00
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Fig. 2. Boxplot of concentration values (copies/mL) for HF183 in wastewaters
(median of 6,07 E+07, 1,86 E+05 and 5,74 E+04 in WW1, WW2 and WW3,
respectively). p values of multiple comparisons with Bonferroni correction are
indicated on top of the boxplots.

E+02 to 1,00 E+05 copies/pL of DNA. The Real-Time qPCR assays were
performed using a Rotor-Gene Q thermal cycler (QIAGEN Hilden, Ger-
many). All Real-Time qPCR reactions were performed in triplicate.

2.3. Enteric viruses, microbiological, physical and chemical assessment

As part of this project, total coliforms, Escherichia coli, enterococci,
fecal coliforms, heterotrophic plate count at 22 °C and 37 °C, temper-
ature, pH, free chlorine, total organic carbon, conductivity and chlo-
rides, and also the presence of enteric viruses was previously assessed, as
described elsewhere (Teixeira et al., 2020).

2.4. Statistical analysis

A descriptive analysis was made for numeric variables. For
comparing different measures among the three wastewater treatment
phases, a Kruskal-Wallis non-parametric test was used. When differences
were found, a multiple comparison with Bonferroni correction was also
performed. A significance level of 5% was considered and the statistical
analysis was performed using statistical software R, version 3.4.3. (R
Core Team, 2017).

3. Results

HF183 marker gene was identified in every untreated wastewater
influent (n = 15), effluent with secondary treatment (n = 15) and
effluent with tertiary treatment (n = 15) samples. The median value of
HF183 concentration decreased from WW1 to WW2 and WW3 (6,07
E+07 copies/mL to 1,86 E+05 copies/mL and 5,74 E+04 copies/mL)
where statistically significant differences between these distributions
were found (p < 0.001). Performing multiple comparisons with Bon-
ferroni correction statistically significant differences were found be-
tween WW1 and the two other matrix, but not between WW2 and WW3,
although a decrease was observed between the WW2 and WW3 HF183
counts (Fig. 2).

HF183 gene marker was also detected in samples from groundwater
origin, with concentrations ranging from 2,63 E+02 copies/mL to 2,24
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Table 2

Total samples analyzed and median concentrations for positive samples (copies/
mL) for the HF183 marker in blank assays (BR) and groundwater (GW1, GW2).
LOD = Limit of Detection.

Sample Matrix

Marker BR GW1 GW2
HF183 Total samples analyzed 3 8 11
Median concentration for positive <LOD 3,40 2,24
samples (copies/mL) E+02 E+03
n=4) n=1)

E+03 copies/mL. None of the blank assays exhibited positive results for
this marker (Table 2).

CowM2 marker gene on the other hand was only detected in a small
number of secondary treated and untreated wastewater samples, with
concentrations ranging from 2,47 E+02 copies/mL to 1,17 E+04 copies/
mL. None of the groundwater or blank assays samples exhibited quan-
tifiable results for this marker (Table 3).

4. Discussion
4.1. Groundwater

The characteristically high concentration of the HF183 marker in
untreated wastewater facilitates the detection of sewage contamination
in recreational and environmental waters (Hughes et al., 2017). In our

previous work (Teixeira et al., 2020), a low overall contamination level
of fecal origin was observed at the sampled groundwater sites and, based

Table 3
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on FIB alone, the obtained results for these groundwater samples are in
compliance with national legislation, deeming them suitable for
non-potable uses, e.g. irrigation. However, in this study several samples
tested positive for the presence of human-associated marker gene HF183
pointing to a sewage contamination, most probably originating from a
drainage system failure, since these sites are located in urban areas.
Considering the current uses for these waters, namely landscape and
crops irrigation, the possible pathogen presence linked to human
wastewater may represent a public health risk, this is the reason why
origin of the contamination should always be identified to allow miti-
gation of the contamination problem. FIB role as indicators for water
quality assessment remains undoubtedly of great usefulness but, in cases
where fecal contamination is detected in environmental waters, it seems
to fall short in providing the necessary information for a realistic health
risk assessment. For groundwater quality assessment, we propose the
use of FIB in association with the MST marker gene HF183, since it is
particularly useful in urban areas such as Lisbon, were drainage system
failures may occur and contaminate the groundwater sources. Even
though CowM2 marker gene was undetected in the targeted ground-
water sites, water managing entities located in rural areas may probably
also find it useful for exploring other sources of animal fecal contami-
nation in association with FIB, such as the one targeted in this study —
CowM2. Some studies have however reported occasional false-positives
concerning the HF183 marker (Ballesté et al., 2010; Gawler et al., 2007;
Shanks et al., 2010), therefore it has been suggested (Green et al., 2014)
to combine additional assays in order to decrease the possibility of
overestimating human contaminants in areas with animal sources of
fecal contamination, like dogs or chickens (Layton et al., 2013). To some
extent, it can be difficult to define an assay as exclusively human

Total samples analyzed and median concentrations for positive samples (copies/mL) for the CowM2 marker in blank assays (BR), groundwater (GW1, GW2), untreated
(WW1), secondary (WW2) and tertiary treated wastewater (WW3). LOD = Limit of Detection.

Sample Matrix

Marker BR GW1 GW2 WwW1 WwWw2 Ww3
Cow M2 Total samples analyzed 3 8 11 15 15 15
Median Concentration for positive samples (copies/mL) <LOD <LOD <LOD 1,01 E+04 2,47 E+02 <LOD
(n=3) n=1)

FIB Concentration CFU/100mL
(logo scale)

1,006+09 6,67E+07

4,86E+07
1,00E+08

1,66E+07
1,00€+07

3,99E+06
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NoV Concentration GC/100 mL
(logyo scale)
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Fig. 3. Median concentrations for positive samples in untreated/secondary treated/tertiary treated wastewater samples (WW1/WW2/WW3) for E. coli (n = 15/15/
0), Enterococcus (n = 15/15/0), NoV GI (n = 15/7/5) and NoV GII (n = 15/11/3). *undetected in a total of n = 15 samples. CFU - Colony Forming Units. GC —

Genomic Copies. Adapted from original data presented in (Teixeira et al., 2020).
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specific, given the reported animal cross-reactions (Feng and McLellan,
2019).

4.2. Wastewater

WWTP effectiveness in pathogen removal is critical as wastewater
may represent a potential route of exposure to a wide array of pathogens
including viruses, protozoa, bacteria or fungi, particularly given the fact
that wastewater treatment processes may not completely remove path-
ogens, even considering tertiary treatment (Blatchley et al., 2007;
El-Senousy et al., 2007; Lazarova et al., 2001; Sano et al., 2016). Our
results show that the presence of HF183 marker in treated and untreated
wastewaters samples, with results comparable to previous studies tar-
geting this marker gene (Ahmed et al., 2016a; Chern et al., 2014).
Notably, and in association with our previous work (Teixeira et al.,
2020), HF183 marker gene concentration reductions in WWTP treat-
ment stages appear to display a similar behavior as Norovirus (NoV)
genogroups I (GI) and II (GII) (Fig. 3), suggesting a potential role for this
marker in monitoring wastewater treatment efficiency. We propose that
future studies should be performed in order to validate this possible role,
and also to assess the possible existing correlations between this marker
and NoV. Considering wastewaters with UV tertiary treatment, where
we detected HF183 marker (median 5,74 E+04 copies/mL) although FIB
were removed, we may speculate that the Bacteroides detected in this
treatment stage were probably dead but, nevertheless, the detection of
the HF183 DNA marker is still possible. This hypothesis could be clari-
fied by looking for viable Bacteroides in tertiary treatment samples in
future studies.

The reduced number of samples (n = 4) testing positive for the
CowM2 marker in treated and untreated wastewaters does not allow to
draw significant conclusions to our study, except that there is also some
bovine associated contamination in the urban context studied — Lisbon.

5. Conclusions

Groundwater and treated wastewater enhanced use is crucial for a
sustainable hydric resources management, which implies a continuous
search for the best practices in water quality assessment. With our
research, we can conclude that an integrated approach for water quality
monitoring, comprising the use of HF183 gene marker associated with
FIB detection provides crucial and more adequate information towards
mitigation and correction measures when fecal contamination in
groundwater is detected in urban sites, were drainage system failures
may occur. Moreover, the use of the HF183 gene marker may also have a
future role in evaluating wastewater treatment efficiency in WWTPs, as
it appears to display a similar behavior as NoV GI/GII, particularly in
samples were FIB were completely removed. Detection of Bacteroides
spp. markers in WWTPs can be a useful tool not only monitor wastewater
treatment efficiency in a rapid manner, but also to characterize un-
treated influent concerning concentrations and identify the sources of
fecal contamination.
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